Through the display of the fine anatomic structures of the internal auditory canal (IAC) and inner ear, high-resolution MR sequences using three-dimensional (3D) heavily T2-weighted fast imaging techniques have demonstrated an important role for the evaluation of various diseases of the temporal bone. Basically, two techniques denoted by various names are most widely used to provide high spatial resolution MR imaging of the temporal bone with a consistent cisternographic effect: 3D fast spin-echo (FSE) and 3D fast gradient-echo (FGRE) techniques ([@B1]-[@B13]).

Driven equilibrium (DRIVE), a synonym for fast recovery fast spin-echo (FRFSE), is an FSE sequence that uses a set of additional -90° recovery pulses applied at the end of the echo train to accelerate relaxation and reversion of the remaining transverse magnetization back to the longitudinal axis ([@B5], [@B9], [@B12]-[@B14]). Balanced fast field-echo (bFFE) is an FGRE sequence that utilizes a balanced gradient waveform for all gradient directions to provide a very high signal for tissues with a high T2/T1 ratio ([@B8], [@B10], [@B13]). There have been several studies that have compared the image quality of various 3D FSE and 3D FGRE sequences to demonstrate the anatomic structures of the IAC and inner ear ([@B5], [@B6], [@B10], [@B12], [@B13]); however, to the best of our knowledge, there has been no study comparing the use of 3D DRIVE and 3D bFFE sequences at 3 Tesla (T). The purpose of this study was to compare 3D DRIVE and 3D bFFE sequences in the assessment of the anatomic structures of the IAC and inner ear with 3T MR.

MATERIALS AND METHODS
=====================

Thirty ears of 15 patients who were referred to our department to obtain brain MR imaging for various reasons were included in this study. All patients had no past medical history or clinical signs and symptoms related to ear diseases, and no patient had a significant abnormality as determined from the brain MR images. There were seven men and eight women in study, ranging in age from 22 years to 71 years, with a mean age of 50 years. The institutional review board approved this study and informed consent was obtained from each patient.

All MR examinations were performed on a whole-body 3T unit (Intera Achieva; Philips, Best, the Netherlands) by using an 8-channel sensitivity-encoding (SENSE) head coil. The maximum gradient amplitude and slew rate were 40 mT/m and 200 mT/m/ms, respectively. After completion of routine unenhanced MR imaging of the brain, a total of 60 sections of 0.6-mm thickness were obtained through the region of the cerebellopontine angle (CPA) by using both 3D DRIVE and 3D bFFE sequences. The imaging parameters for 3D DRIVE were 2000 ms/200 ms/1 (repetition time \[TR\] / echo time \[TE\] / number of signal average \[NSA\]), 90° flip angle, 336 × 335 matrix, 20-cm field of view, ± 23 kHz bandwidth, and 40 echo train length, with an acquisition time of 5 minutes 26 seconds. The imaging parameters used for 3D bFFE were 5.6 ms/2.3 ms/5 (TR/TE/NSA), 45° flip angle, 336 × 335 matrix, 20-cm field of view, and ± 36.5 kHz bandwidth that required an acquisition time of 3 minutes 59 seconds. Both MR sequences were performed in the axial plane with a SENSE factor of 2 without the use of contrast material. The specific absorption rate (SAR) limitation was set at 3.2 W/kg.

Two neuroradiologists reviewed both MR sequences and a final decision was made by consensus. During image interpretation, particular attention was paid on the visibility of the four branches of the cranial nerves within the IAC (the facial nerve, cochlear nerve, and superior and inferior vestibular nerves), the three turns of the cochlea (basal, middle, and apical), the modiolus and scalar septum of the cochlea, the vestibule, and three semicircular canals (superior, lateral, and posterior). Due to the inherent property of SENSE that can cause an inhomogeneous noise level among the slices and induce artificial suppression of background noise ([@B13], [@B15]), direct and constant measurement of background noise was mostly impossible, thus leading to the inability to obtain directly contrast-to-noise ratios (CNRs) from the acquired MR images. Accordingly, instead of measuring the CNRs of the cranial nerves within the IAC, we simply categorized the visibility of the cranial nerves within the IAC as good or bad based on visual inspection. Likewise, we visually graded the quality of the two MR sequences with respect to each anatomic structure in the inner ear. As for the apical and middle turns and the modiolus of the cochlea, visibility was graded on a goodor-bad basis. In addition, we measured and compared the diameter at each slice in both MR sequences for the basal turn of the cochlea. As for the scalar septum of the cochlea, we visually graded the image quality as good, fair, and poor, where \'good\' was defined as complete visualization, \'fair\' as incomplete visualization with only minor defects, and \'poor\' as incomplete visualization with major defects. We also graded the image quality for the vestibule and the three semicircular canals visually as good, fair, and poor, where \'good\' was defined as complete visualization, \'fair\' as visualization ≥ two-thirds of the anatomic structure concerned, and \'poor\' as visualization \< two-thirds of the anatomic structure concerned.

Statistical analysis was performed using the chi square test for the four branches of the cranial nerves within the IAC, the apical and middle turns of the cochlea, and the modiolus and scalar septum of the cochlea, and the paired *t* test was used for the cochlear basal turn. A *p* value of less than 0.05 was considered as statistically significant. As for the vestibule and three semicircular canals, we simply calculated percentages of each grade, because the data were inadequate for statistical analysis.

RESULTS
=======

Both 3D DRIVE and 3D bFFE sequences using an 8-channel SENSE head coil with a SENSE factor of 2 satisfied the SAR limitation at 3T. The mean SARs of 3D DRIVE and 3D bFFE were 0.9 W/kg and 2.3 W/kg, respectively.

Visualization of the cranial nerves within the IAC and the anatomic structures in the inner ear as seen on 3D DRIVE and 3D bFFE is summarized in [Tables 1](#T1){ref-type="table"}-[3](#T3){ref-type="table"}. In both sequences, there was no case that showed significant cerebrospinal fluid (CSF) pulsation artifacts to hamper the evaluation of the cranial nerves at the CPA cistern and IAC. Although the statistical difference was not significant, a small degree of supremacy was noted with the use of 3D DRIVE over 3D bFFE for visualizing the four cranial nerve branches, the apical and middle turns of the cochlea, and the cochlear modiolus ([Tables 1](#T1){ref-type="table"}, [2](#T2){ref-type="table"}). The basal turn of the cochlea was demonstrated better (statistically) on 3D DRIVE images than on 3D bFFE images (*p* = 0.0002, paired *t*-test) ([Fig. 1](#F1){ref-type="fig"}). Although the scalar septum of the cochlea was also visualized somewhat better with the use of the 3D DRIVE sequence, significant statistical differences were not noted between the two sequences (*p* = 0.0588, chi square test) ([Table 2](#T2){ref-type="table"}). Although the image quality of 3D DRIVE for visualizing the vestibule and all of the three semicircular canals was apparently better than that of 3D bFFE, this was not demonstrated statistically ([Table 3](#T3){ref-type="table"}, [Figs. 2](#F2){ref-type="fig"}, [3](#F3){ref-type="fig"}).

DISCUSSION
==========

Various T2-weighted volume 3D fast MR imaging sequences, such as constructive interference in the steady-state (CISS), segment interleaved motion compensated acquisition in the steady state (SIMCAST), fast imaging employing steady-state acquisition (FIESTA), steady-state free precession (SSFP), true free induction with steady precession (trueFISP), bFFE, fast asymmetrical spin-echo (FASE), FRFSE, and DRIVE are commercially available for use in different MR units to display the cisternographic effect in the inner ear, IAC, and CPA. Basically, the two techniques most widely used are the 3D FSE and 3D FGRE techniques ([@B1]-[@B13]). In clinical settings, the acquisition of these heavily T2-weighted MR images of good quality requires not only a high signal from the fluid-containing spaces and less of artifacts from motion and magnetic susceptibility, but also a short examination time ([@B6], [@B8], [@B9], [@B13]).

Although those FSE- and FGRE-based 3D MR imaging techniques provide high spatial-resolution MR imaging of the temporal bone with a consistent cisternographic effect, both have inherent disadvantages that cannot be ignored. The major drawback of 3D FGRE techniques is a high sensitivity to magnetic susceptibility. Although multiple refocusing pulses and short echo spacing produce less susceptibility artifacts with 3D FSE techniques, a relatively long scan time and inconsistent cisternographic effect despite gradient moment nulling are the major drawbacks ([@B14]). Two methods currently used for compensating for these inherent drawbacks of 3D FSE techniques include shortening of the TR and an increase of the echo train length. The major trade-offs are a reduced cisternographic effect due to an increased T1 effect for the former and image blurring from T2-decay-induced modulations in the amplitude of the echo in the k space for the latter ([@B14], [@B16]). Several modifications of 3D T2-weighted FSE and FGRE MR imaging techniques have been developed to improve the shortcomings inherent to each sequence without the loss of image quality.

In this study, we compared the use of 3D DRIVE and 3D bFFE sequences, both of which are considered currently as state-of-the-art imaging methods for MR cisternography. DRIVE, also called FRFSE, is an FSE sequence that uses a set of additional -90° recovery pulses applied at the end of the echo train to revert the remaining transverse magnetization back to the longitudinal axis. These reset pulses allow heavily T2-weighted images to be acquired with a shorter TR and reduce the scan time considerably ([@B5], [@B9], [@B12]-[@B14]). The shortened TR also has the effect of reducing flow void artifacts, further increasing the brightness of fluids. In contrast, bFFE is an FGRE sequence that utilizes a very short TR and radiofrequency pulses with a large flip angle. A balanced gradient waveform is used for all gradient directions to provide a very high signal for tissues with a high T2/T1 ratio. Complete balancing of the gradients is achieved by repeated application of equidistant radiofrequency pulses ([@B8], [@B10], [@B13]). bFFE is rather resistant to motion and flow as phase shifts within the imaging plane are refocused ([@B13]). The maximum intrinsic flow compensation is achieved when the TE is half of the TR. However, as with the other GRE techniques, bFFE is still sensitive to magnetic field inhomogeneities represented by zebra stripe artifacts seen in the images. The severity of the artifacts is roughly proportional to field strength and TR.

In the present study, 3D DRIVE was generally better than 3D bFFE for the evaluation of the cranial nerves within the IAC and the fine anatomic structures of the inner ear. As for demonstration of the inner ear structures, our results are concordant with those of Naganawa et al. ([@B6]) and Jung et al. ([@B13]), who reported that 3D FSE sequences using FASE and DRIVE were superior to 3D FGRE sequences using CISS and bFFE, respectively. These investigators postulated that the poor image quality of CISS and bFFE would result from the banding artifact induced by the strong magnetic susceptibility effect inherent to the GRE techniques. This banding artifact can simulate labyrinthine pathology and is more problematic at 3T than at 1.5T, because susceptibility changes linearly with field strength ([@B12]). As for demonstration of the cranial nerves within the IAC, however, our results are discordant with those of Tsuchiya et al. ([@B10]), who reported that 3D bFFE was somewhat superior to 3D FRFSE due to the higher CNRs and less CSF pulsation artifacts. In the present study, however, CSF pulsation artifacts did not hamper the evaluation of the cranial nerves in the CPA cistern and IAC as determined by the 3D DRIVE sequence as well as the 3D bFFE sequence. The lack of significant CSF pulsation artifacts with the 3D DRIVE sequence might be partly attributed to the reduced echo train length of 40 used in this study instead of 74 used in the previous study, and also to usage of an 8-channel SENSE head coil with a SENSE factor of 2 (a factor of 2 is associated with a 40% reduction in the signal-to-noise ratio \[SNR\] and a 50% reduction in imaging time) that made it possible to obtain MR images of improved quality without lengthening the acquisition time. Our results are also discordant with those of Lane et al. ([@B12]). In a study with a 3T MR scanner on imaging of the cochlear nerve and labyrinth, Lane and colleagues ([@B12]) preferred the use of 3D CISS to 3D FRFSE, because of the superior CNRs seen in the former sequence. There is no clear answer to explain the different results obtained in the two studies. Although we did not perform quantitative analysis, the combination of several factors such as the differences between quantitative and qualitative analyses, errors obtained during measurements of CNRs, the use of parallel imaging, and the technical differences between various 3D FSE and FGRE sequences according to different vendors could all be factors that contributed to the results obtained.

The imaging time of MR examinations is dependent on the TR, matrix size, and NSA. With the same matrix size of 336 × 335, we used one NSA for 3D DRIVE and five NSAs for 3D bFFE in this study. The acquisition times for 3D DRIVE and 3D bFFE were 5 minutes 26 seconds and 3 minutes 59 seconds, respectively, with no significant patient motion artifact. In this study, without application of a SENSE factor of 2, the acquisition time of DRIVE imaging would be expected to double, which seems to be rather unacceptable in a clinical setting.

The most renowned advantage of the use of 3T over 1.5T is the increased SNR of the higher field strength. Theoretically, a doubling of signal to noise is expected from 1.5 to 3.0T, as magnetization increases as the square of the field strength, while noise increases linearly. However, the actual increase of SNR at 3T has been reported on the order of 30-60% ([@B17]). Another important issue is the characteristics of current 3T devices that are inherently more SAR efficient. Because SAR scales with the square of the field strength, radiofrequency deposition is more limiting at MR with higher field strengths ([@B18]). The SAR can be a more problem with 3D FGRE imaging than with 3D FSE imaging. In a study with 1.5T, Naganawa et al. ([@B6]) reported that the mean SAR was higher with the 3D FGRE sequence than with the 3D FSE sequence (0.053 W/kg for 3D CISS versus 0.019 W/kg for 3D FASE). In our study, both 3D DRIVE and 3D bFFE sequences using an 8-channel SENSE head coil satisfied the SAR limitation at 3T. As could be expected, our study showed greatly increased SAR values, compared to the previous study that used 1.5T. Our study also showed that the mean SAR was significantly higher with the 3D FGRE sequence than with the 3D FSE sequence (2.3 W/kg for 3D bFFE versus 0.9 W/kg for 3D DRIVE).

In this study, we did not perform quantitative analysis to compare the CNRs of the cranial nerves between the use of 3D DRIVE and 3D bFFE. This was because a direct reliable measurement of background noise was mostly impossible with a SENSE technique that can induce artificial suppression of background noise ([@B13], [@B15]). Although it was not employed in this study, an alternative method for measurement of CNR with a SENSE technique is to calculate the relative contrast. Instead of calculating CNRs by direct measurement of background noise, the relative contrast is calculated by referring the cranial nerve signal intensity to that of CSF. In a study with SENSE at 1.5T, Jung et al. ([@B13]) reported that the DRIVE sequence provided images that had higher relative contrast for the facial nerve and cerebellum than the 3D bFFE sequence. Likewise, in a study without SENSE at 1.5T ([@B10]), the relative contrast of the 3D bFFE sequence was inferior to that of the 3D FRFSE sequence, although the CNR of the 3D bFFE sequence was better.

In conclusion, both 3D DRIVE and 3D bFFE sequences at 3T with the SENSE technique can provide heavily T2-weighted MR images of reasonable quality for the evaluation of the cranial nerves within the IAC and fine anatomic structures of the inner ear. However, because of a higher image quality and less susceptibility artifacts, we highly recommend the use of 3D DRIVE imaging as the MR imaging choice for the IAC and inner ear.
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![Comparison of 3D driven equilibriumand 3D balanced fast field echo sequences for visualization of basal turn of cochlea. Diameter of basal turn of cochlea on both sides (arrows) is greater on 3D driven equilibrium image **(A)** than on 3D balanced fast field echo image **(B)**.](kjr-9-212-g001){#F1}

![Comparison of 3D driven equilibrium and 3D balanced fast field echo sequences for visualization of vestibule and lateral semicircular canal. While vestibule and lateral semicircular canal are clearly seen without any areas of signal loss on 3D driven equilibrium image **(A)**, there are significant blackouts (arrows) due to susceptibility artifacts as seen on 3D balanced fast field echo image **(B)**.](kjr-9-212-g002){#F2}

![Comparison of 3D driven equilibrium and 3D balanced fast field echo sequences for visualization of posterior semicircular canal. While entire posterior semicircular canal is well seen on 3D driven equilibrium image **(A)**, there is large area of signal loss (arrow) on 3D balanced fast field echo image **(B)**.](kjr-9-212-g003){#F3}
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Comparison of 3D DRIVE and 3D bFFE Sequences for Evaluation of Cranial Nerves within Internal Auditory Canal
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Note.-DRIVE = driven equilibrium, bFFE = balanced fast field echo
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Comparison of 3D DRIVE and 3D bFFE Sequences for Evaluation of Anatomic Structures of Cochlea
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Note.-DRIVE = driven equilibrium, bFFE = balanced fast field echo
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Comparison of 3D DRIVE and 3D bFFE Sequences for Evaluation of Vestibule and Semicircular Canals
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Note.-DRIVE = driven equilibrium, bFFE = balanced fast field echo, SCC = semicircular canal
